| INTRODUC TI ON
Chemotherapy impacts rapidly dividing cells by directly causing cell death and slowing or stopping proliferation. Due to these effects, many chemotherapy regimens are associated with myelosuppression, resulting in reduced production of neutrophils (and also other blood cells like erythrocytes and thrombocytes). Often such hematological toxicities limit the delivery of the planned dose and intensity of chemotherapy, which is crucial for tumor control and patient survival. In clinical practice, neutropenia is the main limiting factor for the applicability of chemotherapy. 1 Thereby, both the duration of Grade 4 neutropenia (defined as absolute neutrophil count [ANC] of <0.5 × 10 9 /L) and the depth of the nadir after chemotherapy are correlated with the development of infectious complications. 2 Thus, an important goal in oncological practice is the prevention of neutropenia when administering chemotherapy.
Filgrastim is a recombinant human granulocyte colony-stimulating factor (G-CSF), which stimulates the production of neutrophil precursors, enhances the function of mature neutrophils, and ameliorates neutropenia and its complications. 3 Pegfilgrastim is a pegylated form of filgrastim, developed to increase its half-life. Pegfilgrastim retains the same biological activity as filgrastim and binds the same
G-CSF receptor. A once-per-chemotherapy-cycle administration of
pegfilgrastim was shown to be sufficient to reduce the duration of severe neutropenia as effectively as daily treatment with filgrastim. 4 The efficacy and safety of pegfilgrastim (Neulasta) for prevention of chemotherapy-induced neutropenia was demonstrated in two pivotal Phase 3 studies, 2, 5 leading to regulatory approval of Neulasta in the US and the EU.
Pelmeg (development code B12019) was developed as a biosimilar to Neulasta. A comprehensive analytical, functional, and preclinical comparability program has demonstrated a high degree of similarity of Pelmeg to Neulasta. 6 In the clinical development program, two comparative studies have been conducted to investigate differences between Pelmeg and Neulasta.
The first and pivotal study (B12019-101) has demonstrated pharmacokinetic (PK) and pharmacodynamic (PD) comparability to Neulasta while using the clinical dose of 6 mg (study B12019-101; manuscript submitted for publication). The second and supportive study (B12019-102) mainly aimed to confirm PD similarity between
Pelmeg and Neulasta at a more sensitive dose, and to investigate any potential differences in immunogenicity, which is considered as a general safety concern common to all therapeutically applied proteins.
Various factors were considered when designing this study.
The study was conducted in healthy subjects. Compared to cancer patients receiving chemotherapy, healthy subjects lack comorbidities and comedications, and are not immunosuppressed. Thus, they represent the most sensitive study population for conducting the PD comparison. The use of a sensitive population is recommended by the Guideline on similar biological medicinal products containing biotechnology-derived proteins as active substance: nonclinical and clinical issues (EMEA/CHMP/BMWP/42832/2005 Rev 1). Also, regarding the assessment of potential immunogenicity of pegfilgrastim, healthy subjects are considered more sensitive than cancer patients, as the latter have a compromised immune system.
In both healthy and patient populations, the mechanism of action of pegfilgrastim is the same, whereby pegfilgrastim elicits its effects on hematopoietic cells by binding to specific cell surface receptors stimulating proliferation and differentiation of committed progenitor cells of the granulocyte-neutrophil lineage into functionally mature neutrophils. Because the bone marrow in a healthy subject population is functionally unimpaired (in comparison with patients undergoing myelosuppressive chemotherapy), the bone marrow of this subject population is expected to be more responsive to stimulation with G-CSF.
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The primary PD parameter ANC is an accepted surrogate marker and can be related to patient outcome to the extent that demonstration of similar effect on the PD marker will ensure a similar effect on the clinical outcome (Guideline on similar biological medicinal products containing biotechnology-derived proteins as active substance:
nonclinical and clinical issues, EMEA/CHMP/BMWP/42832/2005
Rev 1). The 3 mg dose was chosen as it was shown to be in the ascending part of the dose-response curve for PD, 8, 9 and thus being more sensitive to detect potential differences in PD between Pelmeg and Neulasta. The cross-over design helped to minimize variability of the PD parameter.
In this study subjects were dosed twice with Pelmeg or Neulasta, as the likelihood to initiate an immuneresponse, for example, antidrug antibodies (ADAs) generation is higher after multiple dosing compared to single dose. For a product such as pegfilgrastim, for which there is no identified clinically impactful immunogenicity, it is not feasible to prespecify an acceptable margin of difference in the incidence of treatment-related ADA across the biosimilar and reference product treatment arms for the purpose of the biosimilarity assessment. Therefore, clinical evaluation of relative immunogenicity involved repeated administration in a parallel-group design using fully immune competent healthy volunteers to provide the most sensitive test conditions to detect a potential difference in the relationship between ADA signals and PK and PD. This enabled interpretation of the clinical impact, if any, of anti-pegfilgrastim ADA.
Objectives of this study were to demonstrate PD comparability based on area under the effect curve (AUEC 0-last ) for ANC, and to compare the immunogenicity of Pelmeg and Neulasta, when administered at doses of 3 mg. Overall results from this study, as presented here, confirm the similarity to EU-authorized Neulasta with regard to PD and immunogenicity.
| MATERIAL S AND ME THODS
This randomized, double-blind, multiple-dose, three-periods, and twosequences cross-over study in healthy subjects was conducted at two study sites in Germany, between August 2016 and February 2017. 
| Study population
Healthy male subjects (as determined by medical history, physical , and a weight between 60 and 100 kg (inclusive) were eligible to be included in the study. All subjects were to comply with the contraception requirements as specified in the protocol. Subjects were excluded if they had been previously treated with pegfilgrastim, or if they had known ADAs to filgrastim, pegfilgrastim, or polyethylene glycol (PEG).
| Study design
A total of 96 subjects (80 evaluable subjects plus 16 subjects accounting for possible drop-outs) were allocated to receive Pelmeg (T) or Neulasta (R) in a two-treatment, two-sequence, and three-period cross-over design. The main purpose of the design and size of the study was to investigate potential major differences in immunogenicity between Pelmeg and Neulasta. Forty evaluable subjects per sequence were considered to provide an appropriate precision of estimates for the proportions of ADA-positive subjects.
The given sample size also supported the assessment of biosimilarity for the PD endpoint, AUEC 0-last for ANC. Assuming an expected true test/reference ratio of 0.95-1/0.95 and equivalence limits of 80.00%-125.00% for the 95% CIs, 80 evaluable subjects provided 90% power to lie within the acceptance ranges, as long as the intraindividual coefficient of variation (CV) did not exceed 40%.
The study design is shown in Figure 1 .
Subjects were screened within 28 and 2 days prior to administration of study drug. Eligible subjects were admitted to the study site 
| Endpoints and statistical analysis
The primary immunogenicity endpoint was proportion of ADApositive subjects at the end of Period 2, as detected by a confirmatory assay. The primary immunogenicity analysis was performed on the safety set, defined as all subjects who received at least one dose of study drug. For the primary analysis, proportions of ADApositive subjects at the end of Period 2 were calculated and presented with corresponding 95% CIs per treatment. Furthermore, the difference of proportions of ADA-positive subjects between treatments was calculated and presented with corresponding 95%
CIs.
The primary PD variable was AUEC 0-last for ANC. The primary PD analysis was performed on the model-based PD set, defined as all subjects with reliable PD data for all three study periods. Secondary PD variables were maximum effect (E max ) and time to E max (t max, E ) of ANC, and CD34 + counts. They were evaluated
descriptively, based on the PD set (defined as all subjects who had evaluable PD data from at least one study period).
Secondary PK variables were area under the concentration curve from time 0 to 120 hours (AUC 0-120 h ), maximum concentration (C max ), and time to C max (t max ). They were evaluated descriptively, based on the PK set.
Safety variables included adverse events (AEs), local tolerability, physical examinations, vital signs, 12-lead ECG, and laboratory safety assessments. Safety results were summarized descriptively.
| Bioanalysis

| Analysis of ANC and CD34
Blood samples for determination of ANC were collected during the in-patient phase, predose and up to 96 hours postdose, and during the ambulatory visits in each period. Determination of ANC from which meets the ISHAGE Guidelines. 10 The sensitivity of the assay was determined as 2.7 CD34 + cells/µL.
| Analysis of ADAs
Blood samples for ADA analysis were obtained on Day 1 predose, Days 8, 15, 22, 29, and 43 of each period.
Anti-pegfilgrastim antibodies in serum were detected with an immunoassay using electroluminescence (ECL); detergents were excluded from the assay and wash buffers to optimize sensitivity to detect antibodies reactive with both the filgrastim and PEG moieties of pegfilgrastim. The testing concept involved a multitiered approach. Initially, samples were subjected to a run-specific screening assay. If a sample result exceeded the cut point of the screening assay, then the sample was considered as ADA-reactive and was advanced to the next tier. Otherwise, the sample was considered negative, and no further tests were required on the sample. All samples that were ADA-positive in the screening assay were subsequently tested in a confirmatory assay. In 
| Analysis of pegfilgrastim concentrations
Blood samples for PK analysis were collected predose and up to 120 hours postdose.
Pegfilgrastim concentrations in serum were determined using a quantitative enzyme-linked immunosorbent assay (ELISA) technique.
The assay employed components from the R&D Systems (Biotechne 
| Compliance with design and statistical analysis requirements
The study was designed to enrol equal subject numbers for each treatment sequence, and subjects were randomized in a 1:1 ratio to the sequences T-T-R or R-R-T. Inclusion and exclusion criteria were predefined in the protocol. As there was a visible difference between the syringes for the test and reference products, drug administrations were performed by an unblinded team of medics and medically trained staff members, who were not involved in any further study activities, and in a way that the subjects remained blinded. Subjects, investigator staff, persons performing the assessments or being responsible for determining dosing regimen and staff of the sponsor or data analysts, remained blinded from the time of randomization until database lock.
| RE SULTS
| Demographics and baseline characteristics
A total of 96 subjects were randomized and enrolled in the study (48 subjects for each treatment sequence). Of these, 47 were treated with the sequence RRT and 48 were treated with the sequence TTR. One subject, randomized to sequence RRT, was treated in an incorrect treatment sequence, due to administration of study drug for Period 3
in Period 1, resulting in an actual treatment sequence of TRR. This subject was analyzed "as treated." Of the 96 subjects who received study medication, 12 discontinued the study prematurely (four subjects due to AE, six subjects withdrew consent [however, five of these agreed to return for the follow-up visit], and two subjects due to nonallowed procedures). A total of 84 subjects completed all three study periods.
All subjects who received a dose of study medication were included in the safety/PK set. All subjects who had evaluable PD data from at least one study period were included in the PD set. For three subjects, no PD profile from at least one period could be calculated, as the subjects discontinued during period 1; these subjects were excluded from the PD set.
The model-based PD set, used for the primary PD analysis, included only subjects with reliable data from all three study periods.
Analysis sets are shown in Table 1 .
Demographics and baseline characteristics are shown in Table 2 for the primary analysis set (model-based PD set).
| Pharmacodynamics
Results are presented for the primary analysis set, the model-based PD set. This set includes only subjects with reliable data from all three study periods.
Mean ANC values after administration of Pelmeg and Neulasta are shown in Figure 2 . ANC profiles were very similar after administration of Pelmeg and Neulasta. Starting from similar predose levels (around 3 G/L), comparable increases in mean ANC were observed.
Peak levels were reached at around 36 hours postdose and decreased thereafter. Predose level was reached again on Day 22.
Results for the statistical analysis of the primary PD parameter are shown in Table 3 . The geometric mean ratio of AUEC 0-last was about 100% and the corresponding 95% CI was very close to 100%, indicating no difference with regard to ANC after administration of the Pelmeg and Neulasta. Intrasubject CV was low, with
7.49%.
Of note, when using tighter acceptance limits (90.00%-111.00%), comparability between test and reference with regard to PD was shown as well. This underlines the high degree of similarity between
Pelmeg and Neulasta with regard to PD.
Overall, the primary PD endpoint of this study was met and PD comparability between test and reference was shown.
| Descriptive analysis of secondary PD endpoints
A descriptive summary of the PD parameters for ANC, based on the PD set, is shown in Table 4 .
Geometric mean AUEC 0-last and E max were similar after administration of Neulasta and Pelmeg. Median t max , E was 36 hours after both treatments.
Similar increases in CD34
+ cells were seen after administration of Neulasta and Pelmeg. Values peaked at around 5 days postdose, The subject randomized to sequence RRT was treated with study drug for Period 3 in Period 1, leading to an incorrect treatment sequence of TRR. This subject was excluded from the analysis of ADA frequencies, as the treatment was incompatible with the intended study design. Note: All subjects in this study were male. Thus, subject distribution by sex is not shown. Abbreviations: BMI, body mass index; Max, maximum; Min, minimum; N, number of subjects.
TA B L E 1 Analysis sets
Treatment sequence Total R-R-T T-T-R
TA B L E 2 Demographics and baseline characteristics
and nearly reached predose levels at the last sampling point on Day 10 postdose.
| Immunogenicity
Immunogenicity was assessed as primary endpoint. For the analysis of ADAs, the subject who received an incorrect treatment sequence (TRR) was excluded, as this sequence was incompatible with the intended study design, that is, repeated administrations of the same treatment in Period 1 and 2. The respective subject with the incorrect treatment sequence was ADA negative. Thus, the analysis was based on 95 subjects.
No filgrastim reactivity and no neutralizing antibodies were detected. Overall, two confirmed ADA positive samples were detected, both occurring at Day 15 of Period 1. One subject dosed with Neulasta was positive for Pelmeg, Neulasta, and PEG, and one subject dosed with Pelmeg was positive for Neulasta. These samples had a low ADA titer, no filgrastim reactivity, and no neutralizing capacity. Also, no impact on PK or PD was detected in subjects with ADA positive samples. Table 5 .
No difference in immunogenicity between Pelmeg and Neulasta was observed.
| Pharmacokinetics
The PK parameters AUC 0-120 h , C max , and t max were analyzed purely descriptively. Geometric mean AUC 0-120 h and geometric mean C max were similar for Neulasta and Pelmeg (AUC 0-120 h : 821.8 and 847.2 h*ng/mL, C max : 29.5 and 29.9 ng/mL). Variability was high with geometric CVs of 116%-124% for AUC 0-120 h and 133%-143% for C max . Median t max occurred at 12 hours after both treatments.
Overall, the results were found to be very similar for Pelmeg and Neulasta. Note: Geometric mean/CV(%) are presented for AUEC 0-last and E max , median and range for t max, E . Please note that due to the partial replicate design of the study, each subject is contributing data from two periods for one treatment and data from one period for the other treatment (leading to numbers for "n" that are larger than the number of subjects "N"). Abbreviations: ANC, absolute neutrophil count; AUEC 0-last , area under the effect time curve from time zero to last available concentration; CV, coefficient of variation; E max , maximum effect; n, number of subjects' periods contributing to the calculation of the descriptive statistics; N, number of subjects in group; PD, pharmacodynamic; t max,E , time of maximum effect.
TA B L E 4 Summary of PD parameters of ANC (PD Set, N = 93)
| Safety
All 96 subjects dosed were included in the safety analysis. The percentage of subjects with any AE was comparable for Pelmeg and Neulasta (79.2% vs 83.3%, Table 5 ). In both groups, most AEs were deemed drug related by the investigator. In most subjects, AEs were of mild or moderate severity. There were no deaths. Three subjects experienced serious adverse events (SAEs) during the ambulatory phase of the study; one subject with local swelling after a cosmetic intervention, which was not permitted per protocol (following treatment with Neulasta), two subjects with influenza (one each following treatment with Neulasta and Pelmeg). None of the SAEs was assessed as related to study drug. Four subjects discontinued due to AEs; two of these after Pelmeg (alanine aminotransferase [ALT] increased, lower back pain), and two of these after Neulasta (ALT increased, blood pressure increased).
The pattern of AEs was similar for Pelmeg and Neulasta, with most patients experiencing AEs in the System Organ Class (SOC) of musculoskeletal and connective tissue disorders. Most commonly reported preferred terms (PTs) after both treatments were back pain, headache, nasopharyngitis, hypoglycemia, and pain in extremity. Safety results are summarized in Table 6 .
Injection site reactions were reported for one subject after administration of Pelmeg (injection site hematoma), and for three subjects after administration of Neulasta (one event of hematoma and two events of puncture site pain). Injection site reactions were assessed as mild in all subjects.
No clinically meaningful differences between treatments were observed for any safety assessments, including laboratory, ECG, or vital signs.
| D ISCUSS I ON
The focus of this clinical study was to confirm the findings of similar immunogenicity between Pelmeg and Neulasta seen in the pivotal PK/PD study B12019-101, after multiple dosing with study drug, and to further confirm the biosimilarity for the PD endpoint, at a dose that is the ascending part of the dose-response curve. . The safety data set for Pelmeg was reviewed in detail for AEs that could potentially be immune-mediated, with an emphasis on hypersensitivity reactions. There were no AEs classified as hypersensitivity or drug hypersensitivity in subjects treated with either Pelmeg or Neulasta, and local tolerability was good.
In this study, subjects were administered three doses of study drug T-T-R or R-R-T), resulting in an overall exposure time of approximately 18 weeks. In comparison, in pivotal studies leading to the regulatory approval of Neulasta, cancer patients were exposed to a mean of 3.8 injections of Neulasta at doses of 30, 60, or 100 μg/kg, or a fixed dose of 6 mg, 15 In these pivotal studies, chemotherapy was The subject treated with an incorrect sequence was excluded.
AEs were similar between Pelmeg and Neulasta, and in line with the product information for Neulasta. Drug-related hypoglycemia was reported in around 20% of subjects after administration of 
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